Our understanding of the molecular mechanisms underlying differential vulnerability of substantia nigra dopamine neurons in Parkinson's disease (PD) remains limited, and previous therapeutic efforts targeting rodent nigral neurons have not been successfully translated to humans. However, recent emergence of induced pluripotent stem cell technology has highlighted some fundamental differences between human and rodent midbrain dopamine neurons that may at least in part explain relative resistance of rodent neurons to degeneration in genetic models of PD. Using GBA1-linked PD as an example, we discuss cellular pathways that may predispose human neurons to degeneration in PD, including mitochondrial oxidant stress, elevated intracellular calcium, altered synaptic vesicle endocytosis, accumulation of oxidized dopamine and neuromelanin. Recent studies have suggested that a combination of mitochondrial oxidant stress and accumulation of oxidized dopamine contribute to dysfunction of nigral neurons in various genetic and sporadic forms of PD. We also briefly summarize the development of targeted therapies for GBA1-associated synucleinopathies and highlight that modulation of wildtype GCase activity serves as an important target for the treatment of genetic and idiopathic forms of PD and dementia with Lewy bodies.
Introduction
Neurodegenerative disorders, such as Parkinson's disease (PD), dementia with Lewy bodies (DLB), and Alzheimer's disease (AD), are debilitating conditions characterized by progressive degeneration of specific neurons within the brain of affected individuals. Animal models have offered insights into the understanding of the pathogenesis of disease processes and have been useful for testing new neuroprotective approaches, but the results of preclinical studies in animal models have not often translated to clinical trials in patients. Recent discovery of induced pluripotent stem cell (iPSC) technology has enabled the study of patient-derived cells (Takahashi et al., 2007) and offered an opportunity to perform detailed mechanistic studies of disease in human neurons (Unternaehrer and Daley, 2011) , as well as created a source of neurons for transplantation studies and drug screens (Shi et al., 2017) . In this review, we will focus on the potential of iPSC-derived neurons to uncover mechanisms of selective vulnerability of midbrain dopaminergic neurons in PD and discuss therapeutic strategies currently being developed using such disease models. We will discuss GBA1-linked PD as an example of genetic forms of PD.
The role of GBA1 in Parkinson's disease and other synucleinopathies
Parkinson's disease is estimated to affect approximately 1% of the population older than 65 years of age and 4% of the population above 85. Although most cases of PD are sporadic, about 5%-10% are attributed to inherited PD cases (de Lau and Breteler, 2006) . Early prominent degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc) results in dopamine deficiency within the basal ganglia that leads to classical parkinsonian motor symptoms such as bradykinesia, muscular rigidity, resting tremors and postural instability (Kalia and Lang, 2015; Schapira and Jenner, 2011) . PD is also associated with a number of non-motor symptoms including cognitive impairments, anxiety, and depression, some of which precede the motor dysfunction by more than a decade (Gonera et al., 1997) . The discovery of genes linked to rare monogenic forms of the disease has provided novel insight into the molecular mechanisms involved in the pathogenesis of familial and sporadic PD. For example, heterozygous mutations in GBA1, the gene encoding for glucocerebrosidase (GCase), are considered one of the most common genetic risk factors for PD (Wong and Krainc, 2016) . GCase is a hydrolase that converts glycosphingolipid glucosylceramide into glucose and ceramide inside the lysosome (Blanz and Saftig, 2016) . Compared to idiopathic PD cases, patients with GBA1 mutations have distinctive features including earlier age at onset, greater cognitive decline, and a greater likelihood to have atypical clinical manifestations (Sidransky et al., 2009) . Biallelic GBA1 mutations lead to Gaucher's disease (GD), a rare autosomal recessive lysosomal storage disorder characterized by the accumulation of glycolipids within lysosomes leading to their massive engorgement, the typical hallmark of GD (Aflaki et al., 2017; Hruska et al., 2008) . Cognitive impairment is a common problem in the later stages of PD, and mild deficits can be identified even in early-stage disease (Hely et al., 2008) . Carriers of GBA1 mutations have a 6-fold increased risk of developing dementia compared with non-carriers (Seto-Salvia et al., 2012) . In fact mutations in GBA1 are also a risk factor for the development of dementia with Lewy bodies (DLB), thus pointing towards a link between GBA1, parkinsonism and dementia (Tsuang et al., 2012) . But the relationship between GBA1 mutations and the pathogenesis of PD and other Lewy body disorders has not yet been resolved. The neuropathological findings in patients with DLB, PD or GD appear to be typical of other synucleinopathies, which are characterized by the deposition of Lewy bodies, intraneuronal inclusions predominantly composed of insoluble aggregates of α-synuclein in the brainstem or cortical regions (McKeith et al., 2017; McKeith et al., 2005; Spillantini et al., 1997) . This suggests that GCase may contribute to aggregation of α-synuclein through an enhanced protein aggregation mechanism or as a consequence of GCase deficiency (Velayati et al., 2010) . A positive feedback loop between diminished GCase function and accumulation of α-synuclein has been proposed (Mazzulli et al., 2011) . Perturbed GCase activity leads to accumulation of α-synuclein, which in turn has been shown to interfere with endoplasmic reticulum (ER)-Golgi trafficking of GCase irrespective of the presence of GBA1 mutations (Mazzulli et al., 2011) . The build-up of glucosylceramide, the toxic lipid substrate of GCase, interferes with lysosomal processing of αsynuclein by stabilizing soluble oligomeric intermediates leading to toxic α-synuclein aggregation (Mazzulli et al., 2011) . These bidirectional effects between GCase and α-synuclein might form a self-propagating positive-feedback loop in PD and other synucleinopathies and also suggest that GCase plays a role in the pathogenesis of sporadic PD.
Determinants of degeneration of midbrain dopamine neurons in GBA1-linked PD
Although the bidirectional feedback loop uncovers a possible mechanism of how loss of GCase and accumulation of α-synuclein are linked in PD pathogenesis, it does not explain the preferential loss of midbrain dopamine neurons in PD. In fact, α-synuclein and GCase -and other disease-associated proteins -are widely expressed in the brain and selective neuronal vulnerability occurring in a distinct brain region cannot be based on their (wild-type or mutant) expression alone. Also, among synucleinopathies different cell types are affected, all of which accumulate α-synuclein and undergo degeneration at a certain stage, i.e. dopaminergic neurons in the SNpc in PD and cortical neurons in DLB (Wong and Krainc, 2017) . In PD, degeneration of the neuromelanin-containing dopaminergic neurons in the SNpc is by far the most pronounced but degeneration is not limited to this region. Disease pathology also occurs in other brain stem nuclei among which are the dorsal motor nucleus of the vagus and the locus coeruleus . These neuronal populations appear to share high basal mitochondrial stress that predisposes them to other insults such as genetic mutations or toxin exposure (Surmeier and Sulzer, 2013) . This basal stress appears to be due to high mitochondrial oxidant stress (Pacelli et al., 2015) , broad action potentials and autonomous pacemaking that are accompanied by large oscillations in intracellular calcium concentration combined with low intrinsic calcium buffering . Affected neuronal populations counteract this bioenergetic burden by buffering extensive (mitochondrial) oxidant stress through accumulation of neuromelanin, apparently as a neuroprotective response. While neuromelanin has traditionally been considered an inert cellular byproduct of dopamine metabolism, recent evidence suggests a possible physiological role of neuromelanin (Fedorow et al., 2005) . It has been proposed that the formation of neuromelanin protects the cell against an overload of harmful agents by interacting with transition metals, especially iron, and removing excess cytosolic dopamine, which otherwise would be oxidized by iron to form dopamine-o-quinones (DAQs), toxic dopamine derivates that can enter into pathways forming adducts with amino acid residues (mainly cysteine residues) of proteins (Zucca et al., 2017) . However, it has also been demonstrated that neuromelanin released from damaged or dying dopaminergic neurons into the extracellular environment can activate surrounding microglia thereby promoting the degeneration of neighboring neurons inducing a neurodegenerative process via an inflammatory mechanism Zecca et al., 2008; Zecca et al., 2003; Zhang et al., 2011) . In addition, murine and human stem cell-derived dopamine neurons have been shown to express the major histocompatibility complex class I (MHC-I) for the presentation of antigenic peptides on neuronal membranes in response to microglia activation suggesting another potential toxic process involving neuromelanin (Cebrian et al., 2014) . Cytosolic dopamine has long been known to be potentially toxic because of its oxidation to reactive DAQs (Greenamyre and Hastings, 2004) . Several studies have shown that the buildup of cytosolic dopamine is associated with oxidant stress and that dopamine is found to react, modify or inactivate lipids and proteins contributing to selective vulnerability and reduced survival of dopaminergic neurons in PD (Burbulla et al., 2017; Caudle et al., 2008; Chen et al., 2008; Conway et al., 2001; LaVoie et al., 2005; Norris et al., 2005; Sulzer and Zecca, 2000) . Recently, we showed that dopamine oxidation is a common feature in multiple forms of PD using iPSC-derived dopamine neurons from familial and sporadic PD cases (Burbulla et al., 2017) . We identified a time-dependent pathogenic cascade starting with mitochondrial oxidant stress that promotes the generation of DAQs. These species of oxidized dopamine led to disruption of GCase activity, diminished lysosomal function and accumulation of α-synuclein. Previous reports from our and other laboratories have shown that wild-type GCase activity is reduced in brain tissue and iPSC-derived neurons of idiopathic PD patients, as well as other genetic forms of PD without GBA1 mutation (Burbulla et al., 2017; Chiasserini et al., 2015; Gegg et al., 2012; Mazzulli et al., 2016; Murphy et al., 2014; Nguyen and Krainc, 2018) , but the mechanism has been unclear. We found that dopamine modifies GCase on one of its key cysteine residues in the catalytic site, and hypothesized that this modification causes the decline in wild-type enzymatic activity in dopamine neurons (Burbulla et al., 2017) .
Mechanistic pathways driving accumulation of oxidized dopamine in human neurons
Several mechanistic pathways have been suggested to be involved in the alteration of dopamine metabolism resulting in the oxidation of dopamine. To prevent the generation of DAQs, dopamine must either be efficiently sequestered into synaptic vesicles through active, ATP-dependent transport by vesicular monoamine transporter 2 (VMAT2) or catabolized through mitochondrial monoamine oxidase (MAO) and aldehyde dehydrogenase enzymes (ALDH) to non-toxic metabolites (Fig. 1 ). Failure of one of these pathways or mitochondrial dysfunction -and consequently reduced ATP supply -will lead to disturbances in presynaptic dopamine handling, accumulation of the toxic intermediate 3,4-dihydroxyphenylacetaldehyde (DOPAL) and may result in neuron death. MAO-A and MAO-B, mitochondrial enzymes responsible for the oxidative deamination of dopamine, are essential for the catabolism of cytosolic dopamine (Shih et al., 1999) . Keeping MAO at balanced levels seems to be critical as lack of enzymatic activity would subsequently increase the availability of cytosolic dopamine while lowering MAO activities would prevent the production of large quantities of toxic dopamine metabolites such as DOPAL and H 2 O 2 , two potent oxidizing agents (Burke et al., 2004; Eisenhofer et al., 2004; Goldstein et al., 2013; Meiser et al., 2013) . Data from studies investigating the role of MAO in neurodegeneration in PD support the use of MAO inhibitors as treatment for PD to prevent the buildup of catabolic dopamine products to modulate susceptibility of neurons to stress (Jiang et al., 2012; Woodard et al., 2014) . Jiang and colleagues found that levels of MAO-A and MAO-B transcripts as well as enzymatic activities were elevated in iPSC-derived midbrain dopamine neurons from PD patients carrying Parkin mutations (Jiang et al., 2012) , consistent with previous findings of the same group that Parkin suppresses the transcription of MAO-A and -B in other cell systems (Jiang et al., 2006) . Further, these results underscore the role of Parkin in balancing oxidative stress and dopamine metabolism in PD neurons.
The enzyme ALDH turns DOPAL into the less reactive 3,4-dihydroxyphenylacetic acid (DOPAC) (Meiser et al., 2013) . Reports of reduced ALDH levels and enzymatic activity in PD patients suggest its possible involvement in defective dopamine metabolism (Galter et al., 2003; Molochnikov et al., 2012) . Further, ALDH enzymes are sensitive to oxidative stress and interfere with lipid peroxidation (Esterbauer et al., 1991; Jinsmaa et al., 2009) . Therefore, ALDH inhibition may be another mechanistic link between altered dopamine metabolism and pathologic events underlying neurodegeneration, but has not yet been explored in human iPSC-derived neuronal culture.
Dopamine is normally thought to be protected from auto-oxidation in the cytosol, as the majority is normally sequestered in secretory monoaminergic vesicles through clathrin-mediated synaptic vesicle endocytosis, the process by which a new synaptic vesicle invaginates from the plasma membrane (Saheki and De Camilli, 2012) . However, if this pathway is defective and packaging of dopamine into vesicles is inefficient, cytosolic dopamine could ultimately become oxidized, accumulate and lead to toxic effects and nigrostriatal neurodegeneration further downstream (Caudle et al., 2007; Hastings et al., 1996; Vergo et al., 2007) . A recent study by Nguyen and Krainc uses iPSC-derived dopaminergic neurons from patients carrying a mutation in leucine-rich repeat kinase 2 (LRRK2) to show that impaired synaptic vesicle endocytosis leads to altered dopamine metabolism and dopamine-mediated toxic effects (Nguyen and Krainc, 2018) . Since LRRK2 phosphorylates several proteins involved in synaptic vesicle endocytosis (Biskup et al., 2006; Islam et al., 2016; Matta et al., 2012) , we hypothesized that LRRK2 might have important kinase function at the synapse and that PD-linked mutations, which alter kinase activity, would affect synaptic integrity. Indeed, the altered phosphorylation of the PD-associated clathrin-uncoating co-chaperone auxilin (DNAJC6 gene) (Edvardson et al., 2012; Koroglu et al., 2013; Olgiati et al., 2016) at amino acid position Ser627, located within its clathrin-binding domain, leads to differential association of auxilin with clathrin and disrupts synaptic vesicle endocytosis resulting in decreased synaptic vesicle density in LRRK2 mutant dopaminergic neuron synapses (Nguyen and Krainc, 2018) . This ultimately manifested in inefficient packaging of dopamine into synaptic vesicles, and consequently the accumulation of oxidized dopamine and its downstream effects, including decreased GCase activity and accumulation of α-synuclein, which were all attenuated by restoring auxilin function.
High mitochondrial oxidant stress is thought to have several deleterious effects on vulnerable dopamine neurons and is a major source of dopamine oxidation (Guzman et al., 2010) . Several studies using iPSCderived dopamine neurons have demonstrated the impact of oxidant stress on these vulnerable neurons and discussed its contribution to neurodegeneration (Burbulla et al., 2017; Chung et al., 2016; Devine et al., 2011; Little et al., 2018; Nguyen et al., 2011; Seibler et al., 2011) . It has been shown in patient-derived neurons that reactive oxygen species can interact with cytosolic dopamine and boost its conversion to DAQs (Burbulla et al., 2017) . Further, when mitochondrial function is compromised, it is proposed that the resultant decrease in ATP formation leads to inefficient uptake of dopamine into synaptic vesicles by VMAT2 since the energy for amine transport is derived from a proton gradient generated by ATP hydrolysis (Rudnick, 1998; Schuldiner et al., 1998) . In turn, cytosolic dopamine levels increase and accelerate the oxidation of dopamine (Fig. 1) .
Mitochondrial oxidant stress is in part created by the intrinsic pacemaker activity in SNpc dopamine neurons. In fact, oxidation of mitochondrial thiol proteins increases when dopamine neurons are simply pacemaking (Guzman et al., 2010) . Moreover, calcium influx through autonomous pacemaking results in an elevation of mitochondrial oxidant stress as well as synthesis of dopamine in substantia nigra neurons through activation of tyrosine hydroxylase, the rate-limiting enzyme of catecholamine synthesis (Guzman et al., 2010; Menezes et al., 1996; Mosharov et al., 2009; Rittenhouse and Zigmond, 1999) . Patient-derived GBA1 mutant dopamine neurons have been shown to exhibit impaired cellular calcium homeostasis (Schondorf et al., 2014) . Several in vivo and in vitro animal studies have discussed the interaction between calcium, dopamine and α-synuclein underlying the susceptibility of SNpc neurons in PD (Chan et al., 2007; Guzman et al., 2010; Lieberman et al., 2017; Mosharov et al., 2009 ). The relatively high cytosolic calcium concentrations in combination with low intrinsic calcium buffering capacity contributes to greater mitochondrial oxidant stress and adds to the bioenergetics burden in SNpc dopamine neurons (Foehring et al., 2009) . Studies in PD patient-derived neurons showed that lowering levels of the calcium-dependent serine/threonine phosphatase calcineurin was sufficient to partly reduce the accumulation of oxidized dopamine suggesting that calcium homeostasis plays a role in dopamine metabolism and oxidation (Burbulla et al., 2017) . Interestingly, when comparing iPSC-derived mouse dopaminergic wild-type neurons with iPSC-derived human dopaminergic wild-type neurons species-specific differences in the levels and activity of calcineurin were detected (Burbulla et al., 2017) . Moreover, we showed that dopamine turnover was decreased in mouse compared to human dopaminergic neurons. This might also explain the fact that oxidized dopamine was only detected in mouse neurons upon addition of the dopamine precursor L-DOPA. Artificially increased dopamine levels in mouse brain neurons recapitulated other pathogenic findings that were observed in human dopamine neurons, including accumulation of α-synuclein and diminished GCase activity (Burbulla et al., 2017) . This observation may at least partially explain why human pathology is not fully recapitulated in existing mouse models of PD. Phenotypes seen in PD mouse models have been subtle and generally do not exhibit degeneration of SNpc neurons (Dawson et al., 2018) , representing a major caveat in modeling of PD. Furthermore, important age-dependent phenotypes arising in a normal human lifespan, often accelerated in disease, are not present in mice including the formation of neuromelanin and age-dependent telomere shortening (Fedorow et al., 2005; Zhang et al., 2016) . Together, these studies highlight the importance of human iPSC-derived neurons for studies of PD disease mechanisms in SNpc neurons.
Using patient-specific dopamine neurons for development of targeted therapies in GBA1-PD
Targeting lysosomal GCase in patients with GBA1-linked PD has focused on direct activation or stabilization of misfolded mutant GCase to promote translocation of the mutant protein to the lysosome (Aflaki et al., 2016; Aflaki et al., 2014; Khanna et al., 2010) . However, recent data suggests that wild-type GCase enzyme activity is also reduced in iPSC-derived dopaminergic neurons from genetic and idiopathic PD patients not harboring GBA1 mutations (Burbulla et al., 2017; Mazzulli et al., 2011; Nguyen and Krainc, 2018) . Hence, modulation of GCase activity may be beneficial in both genetic and idiopathic forms of PD making GCase a valuable target for the treatment of multiple forms of PD (Fig. 2) . Future studies will be needed to fully define the potential of novel GCase modulators in normal and affected tissues and to develop the most effective analogs for human clinical trials.
Another approach to the treatment of GBA1-associated synucleinopathies is substrate reduction therapy. Under normal conditions, GCase converts glucosylceramide into ceramide (Kitatani et al., 2009) , which is further converted into sphingosine by acid ceramidase. The loss of function of GCase leads to the accumulation of glucosylceramide, a toxic lipid substrate (Grabowski, 2008) . Increases in glucosylceramide have been shown in iPSC-derived dopamine neurons from heterozygous GBA1 mutation carriers promoting the formation of α-synuclein oligomers (Mazzulli et al., 2011; Schondorf et al., 2014) . This suggests that reduction of glucosylceramide may prove beneficial in PD therapies. Potent and selective inhibitors of glucosylceramide synthase such as miglustat (N-butyldeoxynojirimycin) have been reported to be promising therapeutics as they also partially cross the blood-brain barrier (Aerts et al., 2006; Treiber et al., 2007) . Miglustat is used in the treatment of progressive neurological manifestations in patients with the neurodegenerative condition Niemann-Pick disease type C (Pineda et al., 2018) in which cholesterol and glycosphingolipids such as glucosylceramide accumulate in the late endosomes/lysosomes of cells (Mukherjee and Maxfield, 2004) . The previously established glucosylceramide synthase inhibitor eliglustat was proven to be beneficial in reversing disease-relevant phenotypes such as the reduction of aggregated insoluble α-synuclein in iPSC-derived PD patient neurons (Zunke et al., 2018) . Furthermore, glucosylceramide inhibition by the brain-penetrant synthase inhibitor GZ667161 has been shown to reduce levels of glucosylceramide and glucosylsphingosine in the central nervous system of two murine models of synucleinopathy, slowing the accumulation of α-synuclein and ameliorating cognitive deficits (Sardi et al., 2017) .
In addition, recent studies have shown that targeting the downstream activity of acid ceramidase might represent another novel therapeutic angle for GBA1-PD. Chemical inhibition of acid ceramidase is sufficient to restore lysosomal ceramide and to promote the clearance of α-synuclein in a number of cellular models including GBA1-deficient iPSC-derived dopaminergic neurons from PD patients (Kim et al., 2018) .
Conclusion and perspectives
iPSC technology has made it possible to study molecular mechanisms of disease pathology using patient-derived cells, and has been especially valuable for neurodegenerative disorders such as PD that lack accurate animal models of disease (Fig. 3) . Our recent work highlighted the key differences in dopamine metabolism between human and mouse SNpc neurons that at least partially explains the relative vulnerability of human over mouse SNpc neurons in modeling PD. Therefore, we hypothesize that human neuronal cultures may serve as more appropriate models for testing neuroprotective compounds and development of therapeutic interventions. However, more work is required to further develop iPSC models and recapitulate the interactions of neurons-glia in both cultured neurons and organoids. The obvious goal remains that, once this is achieved, patient-specific iPSCs will serve as resource for in vitro and in vivo disease modeling and drug screening as well as precursors for transplantation and tissue regeneration therapy. L.F. Burbulla and D. Krainc Neurobiology of Disease 132 (2019) 
